We have developed an assay that uses stable-isotope-dilution liquid chromatography-mass spectrometry to assess S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) in body fluids to investigate the relationship of these metabolites to hyperhomocysteinemia. Methods: Commercially obtained SAM (D 3 methyl) and 13 C 5 -SAH uniformly labeled in the adenosyl moiety, which was synthesized using S-adenosylhomocysteine hydrolase, were added to samples followed by perchloric acid protein precipitation, C 18 chromatography, and analysis by liquid chromatography-mass spectrometry with quantification by comparison of the areas of internal standard and endogenous peaks. Results: Estimates of intraassay imprecision (CV) were 5% and 17% for SAM and SAH, respectively (n ‫؍‬ 10). SAM decreased and SAH increased in serum and plasma samples at both 4°C and room temperature over 80 h. SAM and SAH were unstable in samples stored longer than 2 years at ؊20°C. In 48 volunteers, the estimated reference intervals [from mean (2 SD) of log-transformed data] for serum SAM and SAH were 71-168 and 8 -26 nmol/L, respectively. Fractional excretion of SAM was higher than that of SAH, and the urinary SAM:SAH ratio was much higher than the serum or erythrocyte SAM:SAH ratios. Conclusions: Stable-isotope-dilution liquid chromatography-mass spectrometry can be used to quantify SAM and SAH in biological fluids and tissues. Sample han-
hydrolase, a reaction that, however, is favored in the reverse direction (10 ) . It is thought that when homocysteine or adenosine increases, significant amounts of SAH would be formed in vivo. Experimental vitamin B 12 deficiency induced by nitrous oxide was reported to change the methylation ratio in brain and spinal cord as the result of a build up of SAH (11 ) . However, there have been few data in humans about the relationships of tHcy to SAH and SAM until recently because of problems inherent in measuring these metabolites in readily accessible body fluids, such as plasma, where they are present in nanomolar quantities. A HPLC assay had been reported for erythrocyte SAM and SAH, and it has been shown that SAH is increased in the erythrocytes of patients with renal failure (12, 13 ) . More sensitive assays using HPLC (14 -16 ) or, most recently, stable-isotopedilution tandem mass spectrometry (17 ) have shown significant correlations between tHcy and SAH (16, 18, 19 ) as well as between creatinine and these metabolites (18, 19 ) . We have shown that serum SAH was increased, and then decreased with vitamin B 12 therapy, in a pilot study of patients with severe megaloblastic anemia attributable to vitamin B 12 deficiency (20 ) . We describe here a stable-isotope-dilution liquid chromatography-mass spectrometry (LC/MS) method used to determine reference intervals for serum, urine, and erythrocytes and to study relationships of other metabolites and clinical variables with SAH and SAM.
Materials and Methods

U-
13 C 5 -Adenosine (98%) was obtained from Cambridge Isotope Laboratories, Inc. D 3 -S-Adenosyl-l-methionine, tri(p-toluenesulfonate) salt (99 atom % D; 85% chemical purity; D 3 -SAM) was obtained from C/D/N Isotopes. d,l-Homocysteine and S-adenosyl-l-homocysteine hydrolase from rabbit erythrocytes were obtained from Sigma, and Tris base was obtained from Sigma-Aldrich. C-18 YMC-gel, ODS-A (12 nm I-230/70 mesh) was obtained from YMC Co., Ltd. HPLC-grade methanol and other solvents were used throughout. Heptafluorobutyric acid (99%) was obtained from Aldrich Chemical Company.
methods
Synthesis of S-adenosyl-U-
13 C 5 -homocysteine ( 13 C 5 -SAH). SAH containing five 13 C molecules in the adenosyl moiety was synthesized by incubating 20 moles of U-( 13 C 5 )-adenosine with d,l-homocysteine (100 moles) in the presence of 20 nmoles of Tris base, 77 moles of dithiothreitol, and 2 U of SAH hydrolase in a total volume of 4.190 mL at 35°C for 24 h. An additional 2 U of SAH hydrolase were added after 3 h. The reaction mixture was split and then applied to two individual columns (0.9 ϫ 1.0 cm) prepared with 20 m polyethylene frits and 200 mg of YMC-gel that had been prewashed with 3 mL of methanol and three 3-mL volumes of H 2 O. The loaded columns were washed four times with three 1-mL volumes of H 2 O, and the run-through was collected. The water wash was followed by three 1-mL washes of 750 mL/L methanol, and the run-through was collected. The aliquots were assayed for SAH as described below. The aliquots with the greatest concentrations of SAH (second water wash through first methanol wash) were pooled. The labeled SAH was quantified by assaying it with known quantities of SAH. The pooled material was aliquoted and stored frozen at Ϫ80°C. The recovery of SAH was 28% compared with the starting amount of labeled adenosine. A combination internal standard mixture was prepared by combining the commercially obtained D 3 -SAM and the synthesized 13 C 5 -SAH to give final concentrations of 40 mol/L D 3 -SAM and 20 mol/L 13 C 5 -SAH in 1 mmol/L HCl. The internal standard was used at this concentration for testing whole blood or tissue samples and was diluted 1:5 in H 2 O for serum, urine, or plasma.
Sample preparation. Diluted internal standard containing 0.4 nmol of D 3 -SAM and 0.2 nmol of 13 C 5 -SAH was added to 0.5 mL of plasma, serum, or cerebrospinal fluid or to 50 L of urine; 1.0 mL of H 2 O (or 1.5 mL of tissue culture medium) and 0.406 mL of 100 g/L perchloric acid solution in H 2 O were then added, followed by 5 L of 99% pure heptafluorobutyric acid. After mixing, the tubes were centrifuged for 30 min at 16 274g. The supernatant was loaded on YMC gel columns (200 mg of gel; 0.9 ϫ 1 cm; fitted with a frit) that were prewashed once with 3 mL of acetonitrile, four times with 3 mL of H 2 O, and once with 3 mL of H 2 O containing 10 mmol/L heptafluorobutyric acid-NH 4 OH, pH 3.2. The loaded columns were then washed four times with 3 mL of the heptafluorobutyric acid solution and were eluted with 1 mL of 750 mL/L acetonitrile in H 2 O. The eluates were taken to dryness in a Savant vacuum centrifuge, dissolved in 50 L of H 2 O, and analyzed by LC/MS.
Fresh or frozen whole blood was mixed thoroughly. We then added 50 L of the concentrated internal standard mixture and 1 mL of H 2 O, after which we added 0.406 mL of 100 g/L perchloric acid with vortex-mixing. Samples of tissues such as liver or lung (ϳ100 -300 mg wet weight) were homogenized in 1-5 mL of H 2 O with 50 L of the concentrated internal standard in a VirTishear (VirTis Co.) at approximately half speed for 15 s, followed by homogenization twice with 0.4 -1 mL of 100 g/L perchloric acid for 15 s on high speed. Prepared samples were frozen at Ϫ80°C or assayed fresh by the method described above for plasma or serum after centrifugation for 30 min at 16 274g. Quantification. The protonated molecular ions for SAM and SAH were monitored. Unlabeled SAH (endogenous) was monitored at m/z 385, and the internal standard was monitored at m/z 390. The unlabeled SAM was monitored at m/z 399 and the labeled SAM at m/z 402. The stableisotope-enriched adenosine used in the synthesis of SAH was only 98% pure; thus the labeled SAH contained ion peaks at both m/z 390 (98%) and m/z 385 (2%). The internal standard mixture was run as a blank test mixture in each assay, and the peak area monitored at m/z 385 in the internal standard was then used to adjust the values in the samples. No correction was needed for the SAM internal standard because there was Ͻ0.1% peak area of m/z 399 compared with the peak area at m/z 402. Quantification was achieved by comparing the ratio of the peak areas of the endogenous m/z 385 or m/z 399 peaks with the peak areas of the respective internal standards, m/z 390 and m/z 402, and multiplying by the known quantity of internal standard added with further adjustments for the volume of sample added.
clinical samples
The collection of samples by phlebotomy from healthy individuals was approved by the University of Colorado Institutional Review Board after informed consent. Samples were obtained from nonfasting seated individuals from antecubital veins. In general, venous blood samples were allowed to clot for ϳ15 min, and then iced at 4°C and centrifuged to remove serum or plasma immediately. Serum and plasma were stored frozen at either Ϫ20 or Ϫ80°C. Urine was fresh frozen. Venous blood was drawn into tubes suitable for serum and into EDTA-or heparincontaining tubes for plasma preparation at the same phlebotomy session to test differences. Serum, plasma, and urine was stored in polypropylene tubes for 2, 4, 24, and 80 h at either room temperature (21°C) or 4°C in a cold room. Total homocysteine, cystathionine, methylmalonic acid, methionine, and cysteine were analyzed by previously developed stable-isotope-dilution capillary gas chromatography-mass spectrometry methods (21, 22 ) . The central 95% intervals for some of these metabolites were determined previously from samples from 60 blood donors and were as follows; homocysteine, 5.4 -13.9 mol/L; methylmalonic acid, 73-271 nmol/L (23, 24 ) . Serum and urinary creatinine were measured in the University of Colorado Hospital Clinical Laboratory. Serum cobalamin (Cbl) and serum folate were measured by the DPC, Dual Count Solid Phase No Boil Assay (Diagnostic Products Corp.). The hematocrit was determined by centrifugation of whole blood in microtubes. The following equation was used to calculate the fractional excretion of SAM or SAH: SAM or SAH creatinine clear-
statistical evaluations
Most of the measured variables had a distribution skewed toward higher values. Log-transformed values were therefore used to estimate the central 95% interval as the mean Ϯ 2 SD. The Spearman correlation coefficient () was used to test bivariate associations between variables. For multivariate analysis of factors predicting serum SAM, SAH, and tHcy, a stepwise multiple linear regression model was used. The level of significance for all analysis was Ͻ0.05. The differences in means for continuous variables across two categories were evaluated with a t-test and the Levene test for equality of variances. The analyses were performed with SPSS Base software, Ver. 10.0 (SPSS, Inc.). Fig. 1 are chromatograms of a sample of normal human serum that had been prepared as described in Materials and Methods and subjected to LC/MS as described above. When serum was prepared and analyzed without added internal standard, there were no significant peaks interfering with the internal standard quantification (data not shown). The sample preparation, including evaporative centrifugation, took 5 h, and LC/MS analysis took 1 h/sample; therefore, 40 samples were routinely quantified over a 48-h interval.
Results
Shown in
Separated serum, plasma, or urine samples (n ϭ 2-5) were incubated for 2-80 h at 4°C and room temperature to test the stability of the metabolites, as shown in Table 1 . After 80 h at room temperature, there was virtually no detectable SAM in serum, and the SAH had increased 350%. There was a Ͻ20% difference in SAM and SAH values in serum vs heparin-or EDTA-plasma that was drawn at the same phlebotomy session from the same individual. Freezing and thawing either the serum or heparin-plasma three times did not significantly change the SAM or SAH concentrations.
Clinical Chemistry 50, No. 2, 2004 assay precision and detection limit One healthy control was phlebotomized four times over 9 months; the SAM concentration ranged from 83 to 100 nmol/L and SAH from 10 to 22 nmol/L without any trend. Serum from healthy controls was aliquoted and assayed in each day's assay. Table 2 shows the interassay CV determined for samples from three healthy controls assayed over time. The intraassay CV is also shown in Table 2 . Samples stored at Ϫ20°C for Ͼ2 years had decreases in SAM of at least 50% and increases in SAH of 30 -100%. The sensitivity of the assay was assessed by assaying volumes of serum from 25 to 500 L. The SAM result was only 1% different with 250 L of serum compared with 500 L, which is within the intraassay variability. However, the result with 100 L varied by 16%, 50 L by 2%, and 25 L by 12%, suggesting that values obtained from serum volumes Ͻ250 L were unreliable. The SAH value obtained by assaying 250 L of serum was 31% lower than that obtained with 500 L of serum, and SAH was not quantifiable in smaller amounts of serum. Therefore, the limit of quantification for either SAM or SAH is ϳ5 pmol in a serum sample.
We recovered 96% and 94% of the SAH and SAM, respectively, when we added enough unlabeled material to increase the serum values by 40 and 75 nmol/L. We added unlabeled SAH and SAM to the autosampler vials immediately before injection on the LC/MS system or before vacuum evaporative centrifugation and compared the peak areas with those obtained with added material at the start of the assay. The peak areas representing SAH for the three above conditions were within 3% of each other. In contrast, the peak area for SAM added at the beginning of the procedure was only 55% and 56% of the peak areas obtained when the unlabeled SAM was added immediately before injection on the LC/MS system or before vacuum evaporative centrifugation, respectively.
estimation of human reference intervals
Serum, urine, and whole blood were collected from 48 healthy controls [mean (SD) age, 38.5 (11.2) years; range, 22-59 years; 44% female]. There were 39 whites (6 white Hispanics), 1 Native American Hispanic, 3 African Americans and 5 Asians. The occupations of the controls were diverse. Multivitamins were consumed at least weekly by 40% of the group. The log-normalized mean and estimated reference intervals for SAM, SAH, and the SAM: SAH ratio and some of the other metabolites are shown in Table 3 . The mean tHcy, methylmalonic acid, and creatinine concentrations were within the appropriate reference intervals, as shown in Table 3 . The mean (SD) serum Cbl was 412 (493) pmol/L, and serum folate was 65.3 (26.4) nmol/L. The mean hematocrit was 46%, a value consistent with the altitude of Denver, CO.
There was no significant difference in age between the males and females in the healthy controls. As expected, serum creatinine, hematocrit, and tHcy were significantly higher in males than in females. Mean serum SAM The top two panels show the peaks for endogenous SAH monitored at m/z 385 by SIM and the internal standard peak monitored at m/z 390, eluting at ϳ10.3 min. The bottom two panels show the endogenous SAM peak monitored at m/z 399 and internal standard peak monitored at m/z 402, eluting at ϳ10.4 min.
concentrations were 119 and 102 nmol/L in males and females (P ϭ 0.025), and serum SAH was also higher, 17 vs 13 nmol/L (P Ͻ0.001). The SAM:SAH ratio trended to be higher in females (8.3) than in males (7.2; P ϭ 0.056). The red cell SAM was higher in males, 3.9 vs 3.4 mol/L (P ϭ 0.001), although red cell SAH and the SAM:SAH ratio were not different. The fractional excretion of SAM and SAH and the serum Cbl and serum folate values were not different between males and females. The use of multivitamins did not produce any differences in the concentrations of SAM, SAH, vitamins, or the other methionine metabolites.
We calculated the mean fractional excretion of SAM and SAH compared with that of creatinine and obtained values of 93% for SAM and 39% for SAH, which may explain the high ratio of SAM to SAH in urine. In contrast, the fractional excretion of tHcy and methionine in this group of healthy controls was 0.37% and 0.21%, respectively. Samples were obtained from two individuals on regular hemodialysis before their dialysis session, and the serum SAM values were 177 and 286 nmol/L. The serum SAH values were 244 and 402 nmol/L in the same patients; thus, the SAM:SAH ratios were 0.73 and 0.71, respectively.
Values for rat liver and rat lung are shown in Table 4 . The rat lungs were perfused with saline to prevent blood contamination and had an extremely high SAM:SAH ratio of 84.
correlations between variables
The Spearman correlation coefficients and P values for SAM, SAH, and the related metabolites are shown in Table 5 . Red blood cell SAM and SAH did not correlate with serum or urinary SAM and SAH and thus are not shown in Table 5 . Serum creatinine was strongly correlated with serum SAH, trended with serum SAM, and was strongly inversely correlated with the serum SAM: SAH ratio. Serum creatinine was also strongly correlated with urinary SAH and inversely correlated with the urinary SAM:SAH ratio but did not correlate with the urinary SAM value. The serum SAM and SAH values were directly correlated with their concentrations in urine, and the serum SAM:SAH ratio was inversely correlated to the urinary SAH but not the urinary SAM concentration. The serum and urinary SAM:SAH ratios were directly correlated. Serum tHcy was weakly correlated with serum SAH; inversely correlated with serum SAM:SAH ratio; and correlated with serum folate. Serum a SAM and SAH are expressed as the percentages of the concentrations in the individual baseline samples, which were stored at Ϫ80°C until the assay and thawed in ice. A negative sign denotes loss in value. Initial concentrations were 70 -118 nmol/L for SAM and 8 -22 nmol/L for SAH in serum or plasma. b n ϭ 3 for plasma and serum; n ϭ 2 for urine. c n ϭ 4 for plasma and serum; n ϭ 2 for urine. d n ϭ 5 for plasma and serum at room temperature; n ϭ 4 for plasma and serum at 4°C; nϭ 2 for urine. e n ϭ 3 for plasma and serum at room temperature; n ϭ 2 for plasma and serum at 4°C. Cbl and folate were directly correlated, but neither vitamin correlated with the serum SAM or SAH values, although the serum SAM:SAH ratio was directly correlated with serum folate. Serum creatinine was correlated with serum methionine, total cysteine, N-methylglycine, and N,N-dimethylglycine, but not serum cystathionine. Serum cystathionine (not on Table 5 ) directly correlated with SAH (Spearman ϭ 0.39; P ϭ 0.006), trended with serum SAM ( ϭ 0.28; P ϭ 0.056), and correlated with serum tHcy ( ϭ 0.399, P ϭ 0.005). Correlations between the other sulfur-containing amino acids and SAM and SAH were corrected for serum creatinine because of the strong influence of serum creatinine on the values. After we controlled for creatinine, tHcy was no longer correlated with SAH and was now inversely correlated with SAM. N,N-Dimethylglycine was positively correlated with both SAM and SAH, whereas N-methylglycine was not. Methionine showed a trend with both SAM and SAH, and cystathionine trended with SAH. N-Methylglycine remained directly correlated with methionine, and tHcy correlated directly with cysteine and indirectly with folate after correction for serum creatinine. A linear regression analysis with stepwise entering of variables showed that both serum SAH and urinary SAM were predictors of serum SAM. Predictors of serum SAH were serum creatinine and serum SAM, and predictors of tHcy were serum creatinine and serum folate.
Discussion
We have developed a sensitive and specific assay for SAH and SAM in body fluids and biological materials that uses LC/MS and stable-isotope-dilution quantification meth- ods. We used a negatively charged ion, heptafluorobutyric acid, on the C 18 column during sample clean-up and in the solutions for HPLC as a counter ion to retain SAM because it is volatile and well suited to LC/MS. The advantages of our method are that quantification is achieved with stable-isotope-labeled SAM and SAH as internal standards, which corrects for variations in recovery from sample to sample. Our assay is sensitive enough to quantify SAH in 0.5 mL of serum, but because normal serum SAH is on the order of 10 -20 nmol/L, our assay is close to the detection limit and the CV for SAH is greater than that for SAM. Our mean SAH concentration in controls was lower than any of the other methods; thus our SAM:SAH ratio was higher than in the previous reports. Urinary SAM and SAH concentrations were roughly 100-and 30-fold higher than in serum, values similar to those in a previous report (23 ) . We calculated a fractional excretion of SAM compared with creatinine, which was close to 100%, and also found that the SAM:SAH ratio in urine is much higher than in serum or red blood cells. These findings suggest that most SAM released into the bloodstream is probably excreted in the urine. The fractional excretion of SAH is less (ϳ40%), but it would be expected that renal insufficiency would have a major impact on excretion of both of these metabolites. The relationships between renal status and SAM and SAH are also complicated because the formation of creatine (precursor of creatinine) requires a SAM-dependent methylation, which is an important user of SAM (8 ) . The SAM and SAH in serum vs urine should also be studied in populations with renal insufficiency because the decreased excretion of SAM relative to SAH in renal failure might impact the serum SAM:SAH ratio.
Although increases in tHcy seem to be a risk factor for vascular disease, the underlying pathophysiology has not been adequately explained. There have been recent reports that increased SAH (18, 19, 24 ) , associated in some reports with DNA hypomethylation (18, 25 ) , is present in populations with vascular disease. However, the role of poor renal status in increasing SAH and decreasing the SAM:SAH ratio has not been adequately explored in these populations. Our findings demonstrate that case-control studies should examine renal status and gender as potential confounders of the relationship of SAM and SAH to vascular disease or vitamin status. We found that the serum SAM:SAH ratio was directly correlated with serum folate in our population, in contrast to a recent investigation (26 ) . However, the earlier report (26 ) studied an elderly population, who clearly would have poorer renal function than the current group of healthy volunteers. We have found increased SAH and decreased SAM:SAH ratio in Brazilian individuals with severe Cbl-deficient megaloblastic anemia. The increased SAH corrected with Cbl therapy except in one individual with renal insufficiency (20 ) . We also found a strong influence of renal status on response of increased tHcy and SAH to vitamin therapy in a study of seniors (27 ) . Therefore, the diagnostic utility of increased SAH in detecting Cbl or folate deficiency may be restricted to individuals with normal renal excretion of these metabolites. In addition, it may not be possible to infer the hepatic or other tissue SAM:SAH ratios from the serum values.
We studied healthy individuals in the US in the postfolate food fortification era, 40% of whom also took vitamin supplements. Therefore, one limitation of our study is that the reference intervals were obtained in persons with high folate status. It will be of interest to determine whether populations with poorer folate status have higher SAH concentrations and lower SAM:SAH ratios.
Measurements of SAM and SAH are of great interest in populations with neurologic or vascular disease (19, 25 ) ; when assessing the possible effects of drugs, such as levodopa and high-dose niacin; or in nutritional studies. We therefore examined conditions of sample handling and storage because the ability to quantify these metabolites in archived samples would be an obvious advantage. There are marked changes in the concentrations of SAM and SAH after exposure of samples to room temperature or prolonged frozen storage, which would impact the utility of archived or transported samples. The conditions for thawing of samples and benchtop storage during their preparation will need to be uniform. One advantage of our isotope-dilution method is that the loss of the expected peak area of the internal standard may alert the investigator to problems developing during sample preparation. It is possible that some of the post vivo sampleholding conditions are responsible for the differences in normal SAM and SAH concentrations that are reported in the literature. It will be crucial to know the storage history of clinical samples before relying on the measured SAM: SAH ratio as a true measure of the methylation index in vivo.
